The reactions between ethoxytrimethylsilane and alkali ions were investigated by 29Si NMR to evalu ate the formation of Si-O-M (M: alkali metal) linkage. The difference in the reactions among alkali species was also discussed. The formation of the linkage was influenced by the pH of reaction mixture. The shift of NMR signal to higher magnetic field, which can be ascribed to linkage processes, was ob served in the solution with pH greater than 13.1. The magnitude of the shift arising from the addition of alkali ions increased in the order of Na+, K+ and Li+. In the solution containing alkali ions, the efficient shielding of Si nuclei also increased in this order, which confirmed the strong Si-O-M link age. However, little difference in the formation rates between Si-O-Na and Si-O-K was observed and the formation processes of Si-O-Li, Si-O-Na and Si-O-K were considered to be identical.
1. Introduction Sol-gel methods are widely used in the synthesis of not only ceramics consisting of a single metal ele ment and oxygen but those in multicomponent systems.1)-4) These methods enable the synthesis of highly homogeneous ceramics. However, the detailed sol-gel processes for highly homogeneous multicomponent materials are currently determined based only on empirical data,5)-11) although the processes for a single-component gel have been rev ealed by many authors.12)-20) As a result, the analysis of sol-gel reactions of each element is unsatisfactory.
The sol-gel methods that are applied to metal alkoxides consist of two primary reactions such as hydrolysis of each alkoxide and condensation of homo or heteroatoms. Previously, we investigated the reactions between silicon alkoxide and sodium for obtaining a highly homogeneous xerogel.21) It is generally difficult to obtain the xerogel with high homogeneity, because both silicon and sodium alkoxides have extremely different rates of the reac tions. Ethoxytrimethylsilane (ETMS) was used as Si alkoxide, and NaOCH3, NaOC2H5 and NaOC4H9 were used as the starting materials for sodium. The change in chemical environment of Si nuclei after the addition of the Na alkoxide was investigated by 29Si NMR . The NMR signal, assigned to Si-OH, was found to shift with time from low to high magnetic field after the addition of the alkoxide. The shift de pended on the amount of Na alkoxide and pH of the reaction mixture. The shift of the signal is ascribed to the exchange reaction between sodium ions and protons of Si-OH.21)-23) Thus Si-O-Na linkage can be obtained by synthesis under appropriate condi tions. 24) Diethoxydimethylsilane (DEDMS) was also used as a Si alkoxide and the exchange reaction was inves tigated by 29Si NMR. Shift of the NMR signals was observed for the solution with pH greater than 13.0 and only the signals, assignable to Si nuclei directly bonded to OH, shifted with time. The proportion of cyclic oligomers decreased and the molecular weight of condensed species would be reduced when sodium ions were added into the solution mixed with DEDMS and H2O.
In this study, the reactions of Si alkoxide with Na, Li and K were investigated by 29Si NMR, and the difference in the reactions was discussed. Hydrox ides of Na, Li and K were adopted to measure pH of solutions containing alkali species and to compare the reactions precisely. The hydrolysis and partial condensation progress ed after the ETMS solution containing ETMS, ethanol and the acidified water was stirred for 1h. Then, KOH solution with KOH/ETMS=2-10 mol% was added to the ETMS solution. Figure 1 shows the NMR signals after the addition of KOH. The KOH solutions with KOH/ETMS=2 and 6 mol% were added after the hydrolysis and condensa tion were preceded by the water with pH=4.7. The chemical shifts of the NMR signals after the addition of 2mol% KOH were slightly different from those before the addition, but the signals were similar to the signals obtained from the spectrum of ETMS which underwent hydrolysis and condensation. Time dependence of the signals after the addition of 2 mol% KOH was ascribed to the progress of conden sation, because the addition of the KOH solution in creased pH of the mixed solution. Signal-to-noise ra tio was reduced after the addition of 6mol% KOH and a signal was found to shift with time to higher magnetic field. The rapid change in the environment of Si nuclei may lead to a decrease in the signal-to noise ratio. A signal with the shape of a step was also observed for the solution after 15min. This shape of the step is due to the shift of the signal during the ac cumulation of NMR. The shift of the signal was previously observed for the solutions mixed with ETMS and Na alkoxides. The relations between time and chemical shifts of NMR signals were estimated. Figure 2 shows the results for the solutions containing KOH. When the water with pH=4.7 or 3.0 was used, a shift in signal was observed for the solutions with 4mol% KOH or higher and the signal stopped shifting after about 40 min. The chemical shift at which the signal stopped shifting after 40min decreased with increasing con centration of KOH. The shift was ascribed to the influence of K+ on the OH group, since the signal as signable to TMS-OH shifted with time after the addi tion of KOH. For the solutions more than 10 min af- were also measured by 29Si NMR. Figure 3 shows the results for the solutions containing NaOH, in which the hydrolysis and condensation of ETMS were preceded by the waters with pH=4.7 and 1.0. A signal shifted with time for the solution containing 6mol% NaOH or higher and the shift of the signal was dependent on the concentration of NaOH, when the water with pH=4.7 was used. With regard to the results for the water with pH=1.0, a signal whose chemical shift depended on the concentration of NaOH was observed; however, it did not shift with time.
[ Figure 4 shows the results for the solutions con taining LiOH. The shift of an NMR signal was ob served for the solutions using the water with pH=4.7 and containing 4mol% LiOH or higher. When the water with pH=1.0 was used, the shift with time was not observed, similarly to the results for other alkali metals.
Discussion
A shift of the NMR signal was observed when 6 mol% NaOH or higher was added to the ETMS solu tion. When 4mol% or higher concentration of KOH or LiOH was added, a signal was shifted. The differ ence in the concentration of alkali ions inducing the shift in signal was assumed to be influenced by pH in the mixed solution. Then pH of the solution contain ing the alkali solution and the water with pH=1.0, 3.0 or 4.7 was measured, since it was difficult to esti mate pH of the mixed solution containing ETMS, ethanol, the water and the alkali solution. The solu tions with high concentration of alkali hydroxide showed high pH values, i.e., those with 6mol% NaOH and 4mol% KOH had pH=13.1 and 13.2, respectively. When the reactions between DEDMS and NaOH were previously investigated by 29Si NMR, a shift of NMR signals was observed for the solutions with pH greater than 13.0.25) Thus pH greater than 13.1 in reaction mixture is essential for shifting NMR signals, similarly to the DEDMS sys tem.
The shift was influenced by both pH and concen tration of alkali ions in the solution and could be a result of competitive reactions between Na+ and H+. The shift may be ascribed to the reactions shown in Eqs. (4)-(6) .
Si-OH+OH-_??_Si-O+H2O, (4) NaOH_??_Na++OH-, (5) Si-O-+Na+_??_Si-ONa.
(6) A shift of NMR signal to higher magnetic field im plies an increase in the shielding of Si nuclei. The shift would be directly due to the reaction shown in Eq. (6), because the shift was always directed toward higher magnetic field.
The magnitude of the shift increased with increas ing concentration of alkali ions. Figure 5 shows the relationship between the concentration of alkali ions and the magnitude of the shift. The magnitude was proportional to the concentration of every ion. The slopes decreased in the order of LiOH, KOH and NaOH, and were 1.6, 1.4 and 1.3, respectively. Thus for the solutions with an equivalent concentration of alkali ions, the effect of shielding of Si nuclei decreases in this order, in which weak Si-O-M link age is formed. The kinetics of the shift for the solutions using the waters with pH=3.0 and 4.7 were discussed. The reaction that resulted in the shift of NMR signals was slower for the solutions using the waters with pH=3.0 or 4.7 than for that using the water with pH=1.0. The shift could be directly ascribed to the reaction shown in Eq. (6) . The shift was due to a decrease in the amount of Si-OH linkage and a simul taneous increase in the amount of Si-O-M linkage. 7 . The change in rate constant, kE, for the solutions using the water at pH=4. 7 and containing various concentrations of KOH.
Conclusion
The 
